Heterocapsa circularisquama (Dinophyceae), a red tide dino‰agellate, is toxic to bivalve molluscs such as the pearl oyster (Pinctada fucata), but no harmful eŠects of this alga onˆsh have been observed so far. We found that 7 strains of H. circularisquama showed hemolytic activities toward rabbit erythrocytes in a cell-density dependent manner, but to quite diŠerent extents. The strains which are known to be highly toxic to bivalves tend to show stronger hemolytic activities and vice versa, suggesting that the hemolytic activity is parallel with the shellˆsh toxicity of H. circularisquama. Since the hemolytic assay is simple, semiquantitative, and reproducible, this assay is useful not only to search for certain toxins responsible for the shellˆsh toxicity of H. circularisquama but also to estimate the potential toxicity of a newly appeared strain of H. circularisquama.
Heterocapsa circularisquama is a newly identiˆed red tide dino‰agellate and has caused mass mortalities of bivalves molluscs in embayments of western Japan since 1988. [1] [2] [3] Blooms of H. circularisquama can kill more than 12 bivalve species, but no harmful eŠects on wildˆsh populations, culturedˆsh, or on public health in general have been reported so far. 4, 5) Since other harmful dino‰agellates such as Gyrodinium aureolum, for instance, are known to kill not only shellˆsh but alsoˆnˆsh and crustacean species, the species-speciˆc toxicity of H. circularisquama is one of the characteristic features of this alga. 6) Recently, it has been reported that pearl oysters exposed to H. circularisquama (5,000 to 10,000 of cells W ml) showed vigorous clapping and shrinkage of their mantle edges and gills, and about 50z of the pearl oysters subsequently underwent cardiac arrest and eventually died after 48 h. 7) Regarding the mechanism of shellˆsh toxicity of this dino‰agellate, Matsuyama et al. have shown several lines of evidence supporting the idea that unstable toxic substances located on the surface of H. circularisquama cells may be responsible for the toxicity to bivalves. 8) Furthermore, Matsuyama has observed that an in‰ux of Ca 2+ was induced in trochophore larva of the short-necked clams (Ruditapes philippinarum) after exposure to H. circularisquama.
9) Some marine toxins such as palytoxin 10) and maitotoxin 11) are known to induce Ca 2+ in‰ux into mammalian erythrocytes and eventually caused hemolysis. Recently, we have found that H. circularisquama produces hemolytic activity toward rabbit erythrocytes in a cell densitydependent manner. 12) Theseˆndings suggest that H. circularisquama may have lethal eŠects on bivalves through certain hemolytic toxins.
Since 1998, 26 cases of H. circularisquama red tide have been recorded in 14 locations of western Japan and several strains of H. circularisquama have been isolated in some of these areas. 13) Interestingly, it has been known that the potency of H. circularisquama to produce toxic eŠects on bivalve species is depending on the strains, and it appears that there are toxic and less-toxic strains (unpublished observation). 14) Therefore, this study was undertaken to gain insight into the relationship between hemolytic activity and shellˆsh toxicity of H. circularisquama. We examined the hemolytic activities of 7 strains of H. circularisquama isolated in diŠerent localities in Japan, and that of Heterocapsa triquetra which is morphologically similar to H. circularisquama but not toxic to bivalves. 15) Flagellates in the exponential growing phase were used throughout the experiments. All cultivations were done using sterilized instruments. Cells were counted with a hemocytometer.
Mortality tests were done at 23-249 C in the dark using blue mussel, as described previously. 7, 14) In brief, juvenile mussel, Mytilus galloprovincialis (shell height; 4.81±0.43 mm) collected from Hiroshima Bay were exposed to H. circularisquama (10,000 cells W ml) inˆltered seawater, and the numbers of dead individuals were counted. Death was judged from the lack of both byssus production and closing valves response even if the mantle edge was stimulated with a needle.
Rabbit, sheep, cattle, and guinea pig blood were obtained from Nippon Bio-Test Laboratories (Tokyo) and used within 7 days. Blood was centrifuged, and the serum and buŠy coat were removed. Erythrocytes were washed three times with phosphate-buŠered saline (PBS) and brought to â nal concentration (v W v) of 4z in ESM medium. Triplicate 50 ml portions of serial twofold dilutions of ‰agellate cell suspensions or culture supernatants in ESM medium were added to the wells of roundbottom 96-well microplates (Falcon). To each well, the same volume of 4z (v W v) suspension of erythrocytes in ESM medium was added and the plate was gently shaken. After incubation for 5 h at 269 C in the dark, the plate was centrifuged at 900×g for 10 min. Fifty microliters of each supernatant was transferred to a ‰at-bottom microplate and the released hemoglobin absorbance at 560 nm was measured with a microplate reader (TOSOH, MPR-A4i). Zero hemolysis (blank) and 100z hemolysis controls were measured using erythrocytes suspended in ESM medium alone and 1z Triton X-100, respectively. Some Heterocapsa spp. including H. circularisquama and H. triquetra are known to have body scales, 2) and it has been demonstrated that the scales of those species of Heterocapsa are diŠerent from each other either in morphology or in size. [16] [17] [18] [19] As shown in Fig. 1 , H. triquetra (HT94-1) has slightly diŠerent morphology and cell size from two strains of H. circularisquama. However, two strains of H. circularisquama (HAG9408A and HBZ97) have extremely similar morphology, and it is almost impossible to distinguish these two strains from one another at the light microscopical level. Other strains of H. circularisquama also have very similar morphology to each other (data not shown). Furthermore, it has been reported that the scale morphology of H. circularisquama from two separate and distantly located bays were identical.
2) Thus, it appears that the strains of H. circularisquama isolated in diŠerent localities are indistinguishable from each other at least in the morphological aspects.
In contrast to the morphological similarity of 7 strains of H. circularisquama, these strains showed markedly diŠerent extents of hemolytic activities toward rabbit erythrocytes ( Fig. 2A) . HAG9408A Individuals (n＝18) were exposed to each strain of H. circularisquama (10,000 cells W ml) inˆltered seawater, and the numbers of dead individuals counted, which were judged dead from the lack of both byssus production and closing valves response even if the mantle edge was stimulated with a needle.
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In less-toxic strain (HAG9408A) and HU9433 strains, which are known to be highly toxic to bivalves, 14) had the most potent hemolytic activities, but HMZ98, HBZ97, HHR9509A, and HI9425 strains, which are known to be less toxic on bivalves (unpublished observation), 14) showed lower hemolytic activities. Mortality tests using blue mussel also conˆrmed the diŠerent shellˆsh toxicities between a toxic (HAG9408A) and a less-toxic strain (HHR9509A) of H. circularisquama (Table 1) . Furthermore, non-toxic dino‰agellate species H. triquetra (HT94-1) showed no hemolytic activity even at very high cell density (Fig. 2A) . These results suggest that the hemolytic activities of H. circularisquama strains correlate to their potency of shellˆsh toxicity.
Although chemical and biochemical features of the hemolytic toxin in H. circularisquama are still unclear, our previous study has demonstrated that the hemolytic activity of H. circularisquama is speciesspeciˆc, and species can be separated into two groups according to their sensitivity. 12) Interestingly, the sensitive erythrocytes are from rabbit, mouse, and guinea pig, all of which have K + as the main intracellular cation. The resistant erythrocytes are from human, cattle, and sheep, which have Na + as their main intracellular cation, except for human erythrocytes. 20) In agreement with theseˆndings, no hemolytic activities of any strains of H. circularisquama tested were observed in sheep and cattle erythrocytes, while guinea pig erythrocytes were sensitive and similar results were obtained as in rabbit erythrocytes (Fig. 2B) . These results suggest that all these H. circularisquama strains may produce hemolytic toxin with same species-speciˆcity, and diŠerences in the activity among the strains may be due to the diŠerent productivity of toxin.
To obtain a clue to the location of hemolytic toxin in H. circularisquama cells, the hemolytic activities of the culture supernatant and the cell pellet resuspended in fresh ESM medium, which were prepared from H. circularisquama at exponential growth phase, were examined. As shown in Fig. 3A , the supernatant showed slightly weak but signiˆcant hemolytic activity, while the resuspended cell pellet showed almost no hemolytic activity. The pelleted cells were morphologically changed, and discharge of the body scales in some cells were observed (Fig. 3B) . However, after 24 h of incubation under the usual culture conditions, normal morphological features of these cells were recovered together with the hemolytic activity (Fig. 3A) . Thus, it seems likely that hemolytic toxin may be loosely attached to the surface of H. circularisquama cells, and it may be easily detached from the cell surface by physical stimulation such as centrifugation. This notion may be supported by thê nding that shellˆsh toxicity disappeared after the treatment with detergent without aŠecting the integrity of ‰agellate cells. 8, 13) Since hemolytic activity in the culture supernatant decreased rapidly, such hemolytic toxin may be unstable in the medium after once released from the cells in which such toxin may be continuously produced during cell growth (data not shown).
Species-speciˆc hemolysis has been found in palytoxin, which is synthesized by corals of the family Palythoa (Palythoa caribaearum) and is the most potent animal toxin known. 10, 20) Similar to H. circularisquama, it has been shown that cattle and sheep erythrocytes are less sensitive to palytoxin, while rabbit, guinea pig, and mouse are highly sensitive to palytoxin. 20) Palytoxin appears to promote Na + in‰ux and K + eOEux from vertebrate cells, with both ions following their electrochemical gradients. 21, 22) The in‰ux of sodium promotes Na + W Ca 2+ exchange and depolarization, which in turn opens voltage-dependent Ca 2+ channels. The resulting increase in intracellular Ca 2+ concentration triggers numerous secondary pharmacological eŠects of palytoxin on contractile and secretory cells. 10) Interestingly, it has been reported that the symptoms observed in pearl oyster exposed to H. circularisquama were vigorous clapping, shrinkage of their mantle edges and gills, and subsequent cardiac arrest, all of which are aŠected by Ca 2+ ion ‰ux. 7) Furthermore, dramatic in‰uxes of Ca 2+ have been observed in trochophore larva of short-necked clams (Ruditapes philippinarum) after exposure to H. circularisquama.
9) Thus, theseˆndings suggest that H. circularisquama toxin may act on erythrocyte membranes through an eŠect on the ion channel, in a manner similar to that proposed for palytoxin. Although further studies are required to identify the hemolytic toxin present in H. circularisquama, it has been demonstrated that the dino‰agellate Ostreopsis siamensis produces palytoxin analogues. 23) In conclusion, we found that H. circularisquama strains isolated in diŠerent localities in Japan showed species-speciˆc hemolytic activities, and the potency of each strain was quite diŠerent. Since the hemolytic activity of each strain tends to correlate with the shellˆsh toxicity, this assay may be useful not only to search for certain toxins responsible for the shellˆsh toxicity of H. circularisquama but also to estimate the potential toxicity of a newly appeared H. circularisquama.
